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MACALESTER COLLEGE
Abstract
Department of Physics and Astronomy
by Andrew Mizener
We present a project to constrain the properties of magnetic fields in Cosmic Web
filaments. We first perform rotation measure (RM) synthesis on 24 S-band Karl G
Jansky Very Large Array (VLA) observations of moderate-redshift active galactic
nuclei (AGN). These observations are combined with an existing catalog of Cosmic
Web filaments in order to determine the number of filaments a given sight-line
passes near or through. By tracking how observables such as rotation measure
and polarization fraction change as a function of the number of intervening cosmic
web filaments, we take the first steps towards providing observational constraints
on the magnetic field strength within these structures. We find that the dispersion
in RM increases as the distance between a line of sight and the filament closest to
that line of sight decreases, suggesting that we are detecting a signal from magnetic
fields within these structures.
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CHAPTER 1: Introduction
1.1 The Cosmic Web
ΛCDM is the most successful cosmological model yet constructed. In this picture,
the young universe is a dense and homogenous mixture of matter and photons
after Big Bang nucleosynthesis. This mixture cools and becomes less dense as the
universe expands during inflation. Quantum fluctuations in the original plasma
generate density inhomogeneities that grow as the universe ages, and cold dark
matter (CDM) begins to gravitationally collapse in overdense regions. Baryonic
matter begins to follow the distribution of dark matter, and structures continue
to grow and merge as the universe evolves to its current state.
Alongside the standard theory of Big Bang nucleosynthesis, the ΛCDM cosmology
provides robust predictions for the amount and distribution of baryonic matter in
the Universe. About 60% of the baryonic matter that we expect from this model
has been detected through the observation of galaxies and clusters, active galactic
nuclei (AGN) absorption-line observations of the circumgalactic medium (CGM),
lensing studies, and the like. However, around 40% of the baryonic mass bud-
get remains undetected. Given that ΛCDM is otherwise an incredibly successful
model, what accounts for this missing mass? If it exists, where might we be able to
find it? Large-scale simulations of structure formation such as those produced by
the ILLUSTRIS collaboration (Vogelsberger et al. 2014) suggest that most of this
missing mass exists as the warm-hot intergalactic medium (WHIM) in the form of
diffuse filaments, halos, and sheets. An image of this structure from ILLUSTRIS
is provided in Figure 1.1. These structures have been directly detected via X-ray
observations (Eckert et al. 2015), but a large-scale census of WHIM filaments does
not yet exist.
Although it is very difficult to detect these filaments directly, their presence may be
inferred through studies of how galaxies are distributed on large scales (Chen et al.
2016). Cosmic Web filaments are expected to trace the underlying distribution of
dark matter, which means that detecting and mapping these filaments should
1
11
Mizener: Probing the Magnetic Fields in Cosmic Web Filaments
Published by DigitalCommons@Macalester College, 2020
2
Figure 1.1: Cosmic Web Filaments in the Illustris simulation
This image is a cutout from the Illustris simulation, centered on the largest cluster in their
model at z=0. The colors trace the distribution of gas and dark matter. The thin, wispy
structures you can see spanning between populations of gas are cosmic web filaments!
Vogelsberger et al. (2014)
allow us to observationally constrain the distribution and amount of dark matter
and improve cosmological simulations. Observing these filaments would also be
a boon for particle astrophysicists, as the unknown magnetic field strength and
orientation within these filaments may alter the spectrum, composition, and arrival
direction of ultrahigh energy cosmic rays (UHECRs), e.g. (Alves Batista et al.
2017). Measuring the magnetic fields within these structures will also allow us to
put constraints on the strength of primordial magnetic fields and how they may
be amplified over cosmic time.
Although we do not yet possess reliable direct observations of Cosmic Web fila-
ments, we can still infer some properties based on existing simulations. Before
the advent of modern high-resolution simulations with reliable subgrid physics,
12
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theorists generally considered structure formation through one of two compet-
ing pictures: the pancaking picture and the hierarchical clustering picture. In
the pancaking picture, planar pancake-like structures were the first to form in
the early universe, which drained into filaments which in turn drained into clus-
ters (Zel’Dovich 1970). This model predicted a cellular network of thin, diffuse
sheets. The rival hierarchical clustering model described the evolution of large
scale structure in a manner analogous to the hierarchical merger model common
for describing the evolution and growth of galaxies (Peebles 1980); it expected
halos to form from initial density fluctuations in the early universe, which would
merge with another and grow as a function of cosmic time. As it turns out, neither
model is entirely accurate. The earliest modern quantitative studies (e.g. Bond
et al. (1996)) demonstrate that the manner in which filamentary structure arises
is similar to the inverse of the pancaking picture. Clusters begin to form at high-
density peaks (corresponding to very small fluctuations in dark matter density) in
the early universe, with filaments forming between neighboring clusters soon after.
Modern simulations give us much more insight into the behavior of Cosmic Web
filaments. Not only do they let us study these objects across a variety of scales,
but they provide a lever arm with which we can study effects such as magnetic
field amplification, turbulence, and shocks. One of the first studies to model the
magnetic field behavior within Cosmic Web filaments was Ryu et al. (1998). Before
this study, the cosmic magnetic field was generally considered to be uniformly
distributed rather than associated with the large-scale structure of the Universe.
This study assumed that the large-scale magnetic field was seeded by the Biermann
battery mechanism, described by the equation:
∂B
∂t
= ∇× (v ×B) + c∇pe ×∇ne
n2ee
(1.1)
This equation describes how a misalignment in the gradients of pressure and den-
sity between two plasmas can generate a magnetic field. Here, pe is the electron
pressure and ne is the electron number density. B is the magnetic field, c is the
speed of light, e is the electron charge, and v is a velocity term. To understand
how this mechanism works, picture a mixture of protons and electrons that has
a temperature gradient along one axis and a density gradient along a perpen-
dicular axis. In nature, gradients like this may be produced as gas experiences
13
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shocks and turbulence during structure formation. The electrons are far lighter
than the protons, so they will drift down both of these gradients faster than the
protons will. This generates a net electric field! So long as the temperature and
density gradients are not exactly parallel, the integral of the electric field over a
closed path within our plasma will be nonzero. So, by Faraday’s law, this process
must generate a magnetic flux! By applying this equation alongside cosmological
hydrodynamical equations, the authors were able to model how magnetic fields
may spontaneously form in an evolving Cosmic Web filament within a standard
ΛCDM cosmology. Shocks, turbulence, and flows within these populations of gas
are likely to amplify these magnetic fields even further Ryu et al. (1998). Ryu and
his co-authors found that the theoretical upper limit of magnetic field strengths
in filaments resulting from the Biermann battery mechanism is ∼ 1 µG or less.
Other simulations have produced significantly different results; the strongest fields
within filaments produced by Vazza et al. (2014) had strengths on the order of
≤ 10nG.
Although it likely dominates the magnetic field behavior in cosmic web filaments,
the Biermann battery mechanism is not the only way fields may be generated or
amplified. Weak, primordial seed fields may be generated in the early universe dur-
ing inflation by breaking the conformal invariance of electromagnetic field. These
fields may be significantly amplified during structure formation as turbulence and
free electron density increases. Other effects, such as the seeding of fields by galac-
tic activity or magnetothermal instability, may also play a role in the evolution
and amplification of magnetic fields in the large scale structure (Federrath 2016).
Detailed simulations of the microphysics within a single filament such as those pro-
duced by (Vazza et al. 2014) suggest that not only should we expect field strengths
on the order of a few ∼ nG, but that the field strength within a single filament
may vary by two to three orders of magnitude. A zoomed-in image of a filament
produced by this collaboration is provided in Figure 1.2. You can see that field
strengths are higher in regions where the gas velocity is higher, suggesting that
gas interactions amplify the magnetic field.
Cosmic Web filaments are the environment in which galaxies form and evolve. As
such, neither galaxies nor filaments can be fully understood independent of one
another. Poudel et al. (2017) find that differences exist between the properties
14
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Figure 1.2: Filament Simulation from Vazza, et al. 2014
Vazza et al. (2014) performed detailed simulations intended to study how the magnetic fields
within filaments evolve as a function of cosmic time, and to understand which mechanisms
might be responsible for this evolution. The authors have provided contours of gas velocity in
the left panel and magnetic field strength in the right panel. These results suggest that
magnetic field amplification within filaments likely occurs in the vicinity of shocks or in regions
where gas flows collide. It also shows how much the magnetic field strength can vary even
within a single filament. Simulations such as this one also demonstrate that the magnetic fields
within filaments tend to be aligned parallel to the filament.
of central galaxies and their associated groups in and outside of filaments. At a
fixed group mass, mass-to-light ratios show that groups associated with filaments
are redder, more luminous, and host to lower star formation rates than those out-
side of filaments. These effects are not simply due to the large-scale environment
density, but rather suggest that there is an efficient mechanism in Cosmic Web
filaments that quenches star formation and alters the morphology of central galax-
ies. Because Cosmic Web filaments are an enormous reservoir of (relatively) cool,
un-shocked gas, it is surprising that filaments are associated with a lower star
formation rate! There are multiple mechanisms that may be responsible for this
behavior, including mergers separating galaxies from their networks of primordial
filaments or past star formation driving gas loss and AGN feedback. Further study
is needed to understand this behavior in detail, but Cosmic Web filaments clearly
have a strong impact on the galaxies that reside within them.
15
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1.2 Active Galactic Nuclei
Not only are Active Galactic Nuclei (AGN) fascinating objects in their own right,
but they posses properties that make them a useful background source in a number
of different fields of astronomy. Formally, an AGN is a compact region in the
center of a galaxy that is far more luminous than its surroundings. This excess
flux is produced by an accretion disk surrounding the supermassive black hole
at the center of the nucleus (Padovani et al. 2017). As material falls on to the
disk, it is heated and produces a copious amount of thermal emission. AGN have
many notable properties, including very high luminosities up to 1041 J s−1, small
emitting regions, and observable emission covering the entire spectrum. In some
cases, AGN may also produce energetic, highly collimated jets of escaping material.
In general, the central regions of AGN are dominated by thermal emission from
while the jets and lobes they produce are dominated by synchrotron emission.
There are many different types of AGN - some classes refer to systems with different
physical properties, while in other cases the same AGN observed from a different
angle would be placed into a different class. For example, lets say you have a
pretty typical AGN consisting of a jet-producing accretion disk embedded in a
large torus of gas. If we view this system edge-on, the torus of gas blocks the
accretion disk from view and we will observe a Seyfert 2 galaxy. If our line of sight
is off of the jet axis but still allows us to see the central accretion disk, we will
observe a Seyfert 1 galaxy. If we look straight down the axis of the jet, we will see
a BL Lac object or an optically violent variable quasar (OVV). Luckily, we can
use any of these types of AGN as background sources in our research. But what
is a background source?
Sometimes, we want to study an object that is not intrinsically luminous. There
are many such objects - circumgalactic halos, the intercluster medium, and our
Cosmic Web filaments, just to name a few. Since our telescopes are only able
to detect luminous objects, what can we do? These sorts of diffuse structure are
generally studied through absorption. An observer will find a bright source behind
the object they want to study and make inferences about its properties based on
how the light they collect is modified by the intervening screen. Because they are
extremely bright, relatively common, and have well-understood internal physics
16
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and spectral energy distributions, AGN are excellent background sources for this
kind of work. Nearly all extragalactic absorption line observations are made with
AGN as background sources. As it turns out, they are just as useful for probing
the rotation measure of intervening media.
1.3 Rotation Measure & Faraday Synthesis
So, what is Faraday rotation measure (RM)? When a photon passes through a
magnetic field, its polarization angle will be rotated. The magnitude of this rota-
tion is dependent not only on the strength of the magnetic field (and path length,
and free electron density), but also on the wavelength of the photon. RM is clas-
sically defined as the slope of a polarization angle χ versus wavelength squared λ2
plot
RM =
dχ(λ2)
dλ2
, (1.2)
where we can calculate the polarization angle from the intensity in our Stokes Q
and U planes:
χ =
1
2
tan−1
U
Q
. (1.3)
When this operation is performed, the result is a number in units of rad m−2. But
this is a purely observational tool! What sort of physical systems might produce
such a rotation? From Brentjens & de Bruyn (2005), we define the Faraday depth
of a source as
φ(~r) = 0.81
∫ here
there
ne ~B · d~r rad m−2, (1.4)
where ne is the electron density in cm
−3, B is the magnetic field strength in µG,
and dr is an infinitesimal path length in parsecs. If there is only one source along
the line of sight that has no internal Faraday rotation, then the Faraday depth
of that source is equal to its rotation measure. Broadly speaking, we can make
inferences about the physical nature of a source by setting the observed RM equal
to this equation for Faraday depth. But what happens if we loosen this tight
constraint?
How might we find the Faraday depth of an object with multiple sources along
the line of sight or that suffers from depolarization? Depolarization is a reduction
17
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in the total polarization fraction of our signal, which may be occur due to small
fields with a coherence length smaller than our beam or multiple Faraday rotating
regions with different Faraday depths along the line of sight. One way to deal with
this effect is to use Faraday rotation measure synthesis. To do this, we start with
the complex Faraday dispersion function F (φ), which is defined through:
P (λ2) =
∫ +∞
−∞
F (φ)e2iφλ
2
dφ. (1.5)
Note that φ refers to Faraday depth and P (λ2) is the complex polarized surface
brightness (Brentjens & de Bruyn 2005). Functions of this form are quite famil-
iar; Equation 1.5 looks very much like a Fourier transform! Our goal now is to
invert this function in order to acquire F (φ), which will allow us to determine the
Faraday depth of any source. After a somewhat involved derivation, we produce
an estimator for F (φ), F̃ (φ).
F̃ (φ) = K
∫ +∞
−∞
P̃ (λ2)e−2iφ(λ
2−λ20) dλ2 (1.6)
R(φ) = K
∫ +∞
−∞
W (λ2)e−2iφ(λ
2−λ20) dλ2. (1.7)
where ˜P (λ2) is our observed polarized flux density and W (λ2) is a weight function.
The weight function is unity where we have observed flux and 0 outside of this
region. It allows us to build a function that is defined over the entire domain, but
is only nonzero in regions where we have a measurement. Also note that:
K =
(∫ +∞
−∞
W (λ2) dλ2
)−1
(1.8)
In these equations, F̃ (φ) is our reconstructed approximation to F (φ) and R(φ)
is our Rotation Measure Transfer Function. This function may be thought of
as a theoretical resolving beam in Faraday depth space. When we apply this
transformation to a given field of view, we generate a cube with axes α, δ, and φ.
It shows us the distribution of power on the sky as a function of Faraday depth.
Throughout the rest of this work, I will refer to Faraday depths identified through
this method as rotation measures (RMs) for simplicity.
18
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CHAPTER 2: Methods
2.1 Data Acquisition and Initial Calibrations
The data used in this work were obtained as a part of VLA proposals 15A-409
and 14A-498. All data were taken in S-band (2 to 4 GHz) with 0.5 < z < 2
AGN as targets, with individual integration times typically ranging between 360
and 720 seconds. These proposals were originally designed to target two sets of
sources: one set of AGN in which each displayed a single MgII absorption line
in their SDSS spectra, and one set of AGN without any MgII absorption in their
spectra. We use these AGN as background sources to probe intervening magnetic
fields, so we want to use lines of sight that are only intersected by Cosmic Web
filaments. MgII absorption strongly traces the presence of galaxies, clusters, and
groups. As will be discussed in our Foreground Analysis section, we thus reject
any sources with an MgII detection in this work. Proposal 14A-409 was awarded
74 hours of filler time, of which 18 hours were observed. This allowed for the
observation of 16 sources displaying MgII lines and 45 control sources. About half
of these observations were taken at A configuration and about half were taken at
A ∼ D configuration. A ∼ D configuration is a VLA configuration that occurs
when the VLA is moving from A configuration to D configuration. Proposal 15A-
498 expanded these observations, allowing us to acquire data for an additional 65
control sources and 22 MgII absorbers over the course of 56 hours.
All data were initially calibrated via the standard VLA CASA calibration pipeline
(McMullin et al. 2007). This process begins by converting data from the archival
format to a CASA MeasurementSet. A first round of flags are applied, typically
corresponding to known factors in the observation that must be removed such
as shadowed data. A number of pre-determined calibrations are then performed,
including antenna position corrections, gain curves, and atmospheric opacity cor-
rections. Once these steps are complete, the pipeline iteratively determines initial
delay and bandpass calibrations and begins the process of flagging radio frequency
9
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interference (RFI). Applying these initial calibrations makes the detection and re-
moval of RFI easier, so another round of RFI flagging is performed. The final
delay, bandpass, and gain/phase calibrations are then performed and applied to
the data.
In order to ensure the fidelity of our polarimetric observations, manual polariza-
tion calibration was then performed. This involves determining the leakage terms
and calibrating the absolute polarization angle. Under ideal conditions, the right-
handed and left-handed linear polarization signals would make their way from the
antenna to the correlator completely independently. However, due to mechanical
or electrical imperfections in the telescope, this is not always the case. It is pos-
sible for the two signals to leak in to one another as they travel along the signal
chain. Leakage of this nature must be calibrated out in order to prevent spurious
linear polarization from being introduced, which would contaminate our rotation
measures. Leakage calibration is performed by observing a strong, unpolarized
calibrator source. Since our leakage calibrators are selected due to their lack of
polarized emission, we can use these observations to determine the magnitude of
our leakage terms. This allows us to account for polarization leakage when we
observe our science targets.
As mentioned, proper polarization calibration also requires us to calibrate the
absolute polarization angle. To perform this calibration, we observe a strong
polarized source with a known polarization angle. Comparing our observations
with the known polarization angle for this source allows us calibrate the absolute
polarization angle for our science observations.
2.2 Image Processing
2.2.1 Cleaning and Imaging
Once we have acquired the pipeline-calibrated measurement set for a given schedul-
ing block, we input it to our self-calibration pipeline. This pipeline was written in
20
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Python, allowing us to interface with CASA for cleaning, self-calibration, and bin-
ning while also allowing us to use functionality from Astropy1 and Anaconda2 in
the latter parts of our process. This process begins by splitting off each target field
into its own independent measurement set, binned into 16 MHz channels. Each of
these measurement sets contains 16 spectral windows. The channel width used is
desirable because it is wide enough to allow us to detect the sources well in each
channel while still providing enough separate channels to perform reliable faraday
synthesis. We then split these fields by spectral window into one measurement
set per spectral window, as we want to clean each spectral window (and Stokes
plane) independently. We then perform a rough preliminary clean with an image
size large enough to extend out to about ∼ 80% of the primary beam on a central
spectral window in order to check for off-axis sources that may contaminate our
science targets. We do not want any flux from a sidelobe or from far off-axis in
our primary beam to be measured. If any off-axis sources are detected, we pro-
ceed though the rest of the pipeline while managing the off-axis source through
the use of outlier files. If no off-axis sources are detected, outlier files are not
necessary. We then proceed to perform three rounds of self calibration, masking
by hand with the multifrequency synthesis deconvolver. Then, copying the masks
we used in the final round of self-calibration, we perform a final deep clean with
the Clark-Stokes deconvolver and with CASA in CUBEDATA mode. This ensures
that our data products include a frequency axis and forces CASA to clean each
Stokes plane independently. Although the flux level down to which we cleaned
each image depends on total integration time and antenna configuration, we at-
tempted to produce images with a uniform cell size of 0.12′′ by 0.12′′. We then
convert these CASA images into FITS files suitable for Faraday rotation measure
synthesis and RM cleaning.
Because we processed each spectral window and each Stokes plane independently,
we must combine our images in such a way that proper image statistics are main-
tained. To do this, we retrieve the CASA files we generated for the Stokes I, Q,
and U planes as well as their corresponding primary beam images. First, we re-bin
our data to produce a uniform 16 mHz channel width. We pass these files through
a script that calculates basic statistics for each channel of each spectral window
1source available from https://github.com/astropy/astropy
2source available from https://anaconda.org/anaconda/python
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of each stokes plane for a given image, removing channels across all Stokes planes
if evidence of bad cleans are detected. Bad cleans are most likely caused by poor
initial calibrations. We reject channels at this stage if they were masked by CASA,
or if their mean pixel values or RMS is more than 3σ from the median. Standard
FITS headers are not capable of handling situations where individual channels are
missing from an otherwise evenly spaced frequency axis, so it is also necessary
to store a list of channel frequencies manually. As such, we then determine the
central frequency of each usable channel and write it out to a separate ASCII file.
It is also necessary to account for the fact that the dimensions of our primary
beam change as a function of frequency. We select the primary beam image for
the lowest-frequency usable spectral window and smooth each channel out to that
beam size, rejecting any individual pixels where the primary beam is below 0.8.
We reject pixels outside of this range because the standard CASA CLEAN task
does not include full Mueller matrix imaging. This causes pixels in regions outside
the 80% power point in polarization to be unreliable (Jagannathan et al. 2015).
Once we have completed our primary beam correction, we write out each corrected
image to a FITS file. At this stage, one FITS file is produced per frequency bin
per Stokes plane. Finally, we must combine these FITS files in order to produce
data products appropriate for Faraday synthesis. We recombine spectral windows
for each stokes plane, producing one FITS file per target per Stokes plane with
untrustworthy channels removed.
2.2.2 RM Synthesis, RM Clean, and Bias Correction
Once we have an ASCII file containing the central frequency of each acceptable
channel as well as FITS files for the Stokes I, Q, and U images, we may begin
Faraday synthesis. In this work, we use the CIRADA-TOOLS 3 package for our
RM synthesis and RM clean operations. We begin by performing RM synthesis,
an operation that requires FITS Q and U images as well as our frequency list.
A detailed description of this operation may be found in our Rotation Measure
& Faraday Synthesis section. In essence, we are performing a Fourier transform
from frequency space to Faraday depth space. This separates multiple sources
3source available from https://github.com/CIRADA-Tools/RM
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of polarized emission along the line of sight, assuming that each separate source
is Faraday rotated by a different amount. In order to identify systems with po-
tentially spurious high RMs, we perform RM synthesis out to a Faraday depth of
±2000 rad m−2. To make the interpretation of our results more clear, we then per-
form RM clean. The idea behind RM CLEAN will be familiar to any reader with
experience in radio astronomy; it is a direct analogue of the CLEAN algorithm
commonly used to deconvolve radio images. RM CLEAN is arguably even simpler
than CLEAN; rather than convolving each image plane to a 2-D response pattern,
we only need to convolve a one-dimensional slice through each pixel to our 1-D
rotation measure spread function (which is, ideally, nearly Gaussian). The RM
CLEAN algorithm generates delta functions at the location of peaks, convolves
with the RMSF at those locations, and subtracts the result. The RMSF is our
rotation measure spread function - the equivalent of a resolving beam in faraday
depth space. This RM CLEAN operation generates a final spectrum that more
accurately represents the location and shape of polarized sources in Faraday depth
space, making a physical interpretation significantly easier.
Before we generate our final science images and take our final measurements, we
must first perform a bias correction. One of the most important products of
the RM Synthesis and RM CLEAN scripts is our Maximum Polarized Intensity
(maxPI) images. These files contain a 2D map of the maximum polarized intensity
per each pixel. Unfortunately, the images produced by these scripts are not bias-
corrected and have an unknown RMS. To perform a robust bias correction, we
follow the prescription developed by (Hales et al. 2012). They define a noise term
σRM as follows:
σRM =
1
η
∑T
i=1w
2
i σ
2
Q,U,i(∑T
i=1wi
)2

1
2
, (2.1)
In this equation, σQ,U,i is the noise in the ith channel, η is a correction factor, and
wi is a weighting factor for the ith channel. We set wi as the RMS noise in each
channel; that is, for each channel i,
wi =
1
σ2Q,U,i
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Determining η is somewhat more involved. We begin by defining a factor
κ =
2φmax
δ(φ)
+ 1
where δ(φ) represents our sampling rate in Faraday depth space and φmax repre-
sents the maximum extent of our data in Faraday depth space. Calculating this
value allows us to determine η.
η = 1− 2
κ− 1
κ−1∑
h=1
(
1− h
κ
)
|Rh| . (2.2)
Here, |Rh| refers to the value of our RMSF linearly interpolated to each value of h,
which iterates through each value of κ. Once we have calculated κ and η, we may
return to our equation for σRM . A table of the σRM we calculated for each source
is provided in Table 2.1. Performing the actual bias correction is now a simple
operation; for each pixel in maxPI with an initial intensity of Iraw, we determine
Icorr by the equation:
Icorr =
√
I2raw − 2.3 ∗ σ2RM (2.3)
Note that the factor of 2.3 comes from George et al. (2012); it is derived from the
fact that the distribution of polarized flux density follows Ricean statistics.
Now that we have properly bias-corrected our maxPI field and we know our value
of σRM , we can begin to make our final measurements. We use our bias-corrected
maxPI image to determine the pixel we slice through when measuring our RM.
We also use it as the basis of the masks we make for our final maps. Our masking
code is robust to potential outliers; it only accepts pixels corresponding to values
above our noise level but it also requires that these pixels be within a group that
is at least as large as our resolving beam. This prevents individual spurious pixels
from being included in our masks while still allowing us to accurately mask both
resolved and unresolved sources. After applying masks to the relevant images,
we determine the location of the brightest pixel in maxPI and slice through our
cleaned RM cube at that location, fitting a Gaussian to the peak. We claim that
the location of this peak in Faraday depth space corresponds to the strongest RM
in that system, and report this value. We then produce maps of polarization angle,
% polarization, and spectral index. We also produce Stokes I and maxPI contours
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Table 2.1: Table of σRM
Source Name σRM (Jy)
c124935+49 2.13e-05
c100556+43 3.007e-05
c104244+12 2.554e-05
c095943+41 2.257e-05
c142349+20 1.724e-05
c095317+28 2.06e-05
c135817+57 1.274e-05
c125139+54 2.18e-05
c104136+29 1.702e-05
c130451+24 1.326e-05
c121908+14 1.683e-05
c101648+22 1.65e-05
c122716+38 1.081e-05
c142843+29 1.702e-05
c132024-03 1.732e-05
c114200+37 2.26e-05
c144527+39 1.033e-05
c222852-07 1.611e-05
c152819+25 1.449e-05
c095048+32 1.610e-05
c113934+27 1.457e-05
c143015+38 1.081e-05
c110147+52 2.53e-05
c152718+31 1.718e-05
overlaid on the SDSS frames of each source, allowing us to see how the distribution
of flux and polarization in the radio compares to optical intensity.
2.3 Foreground Analysis
Obtaining measurements of RM alone is not sufficient to constrain the properties
of magnetic fields in the Cosmic Web. If we want to isolate the contribution to RM
associated with these magnetic fields, it is vital that we understand the nature of
the medium that our lines of sight pass through. To this end, we have performed
an extensive analysis of our foregrounds to ensure that the only Faraday rotators
along each line of sight are the source, any intervening Cosmic Web filaments,
and the local Milky Way foreground. We begin by rejecting any sightlines out
of the original 148 that are close to known galaxies or clusters. The intracluster
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and circumgalactic mediums are known to play host to magnetic fields as strong
as or stronger than field strengths expected from Cosmic Web filaments (Govoni
& Feretti 2004), so any sightlines that pass near these structures may be contam-
inated. We first reject all sources with a MgII detection in their SDSS spectra,
as MgII is a reliable observable that is strongly associated with the presence of
galactic structure. This cut is not sufficient to reject systems along the line of
sight that do not produce strong MgII absorption. To ensure that we also reject
these systems, we obtained the complete SDSS PhotZ table from CasJobs4 for the
region of the sky covered by our observations. Because we would rather reject an
acceptable sightline than accept a contaminated sightline, we select the version of
PhotZ that includes all cataloged galaxies including those with highly uncertain
redshifts. Any line of sight that passes within 50 physical kpc of such a galaxy
is rejected. Although galaxies vary wildly in size and morphology, we thought it
best to determine a uniform impact parameter to use as a cutoff. From (Bernet
et al. 2013), we believe that 50kpc is a reasonable cutoff radius. Outside an impact
radius of 50 kpc, MgII absorption systems do not affect rotation measure. We also
query NED to determine the location and redshift of all cataloged clusters in the
same region of the sky as our science targets, rejecting any lines of sight that pass
within 2.7 physical Mpc of such a cluster. This cutoff distance is derived from
(Carilli & Taylor 2002), Figure 6. Clusters appear to stop appreciably contribut-
ing to rotation measure outside of a mean impact parameter of about 1500 kpc;
we choose a larger cutoff radius in order to ensure that even an unusually large
cluster will not contaminate our results. After performing these cuts, we are left
with 33 uncontaminated lines of sight suitable for analysis.
The next step is for us to understand the distribution of cosmic web filaments. We
use the catalog developed by Chen et al. (2016) to perform this analysis. A map of
this catalog overlaid on the location of our sources is provided in Figure 2.1. This
catalog was constructed using a technique known as SCMS; subspace constrained
mean shift. Because the global distribution of baryonic matter in the universe
traces the distribution of dark matter and dark matter is distributed along the
Cosmic Web, we can trace the location of Cosmic Web filaments by looking at
how galaxies are distributed on a large scale. To perform such an analysis, the
4archive available at https://skyserver.sdss.org/casjobs/
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authors of this paper acquired a complete sample of galaxies with known redshift
from SDSS out to z = 0.7, binning the data into ∆z = 0.05 chunks. This binning
was performed in order to remove the Finger-of-God effect, reduce the computa-
tional complexity of the operation, and to allow the filament distribution to be
studied as a function of redshift. The Finger-of-God effect is a common prob-
lem in extragalactic astronomy. It makes galaxy distributions appear artificially
elongated in redshift space, as the random peculiar velocity of each galaxy is con-
volved with the Hubble flow. The authors of our filament survey considered each
redshift bin as a 2-D flat slice through redshift space, allowing them to compute
a galaxy density function for each redshift bin. Once this 2-D density function
has been acquired, the authors derive a map of density ridges corresponding to
the approximate location of cosmic web filaments. We acquired this catalog and
compared it to our 33 uncontaminated lines of sight, calculating the physical dis-
tance between each filament and line of sight for every redshift bin. If a line of
sight passed within 2.7 Mpc of a cataloged filament, we considered the filament to
intersect our line of sight. Because we cannot observationally constrain the radius
of an average cosmic web filament, we decided to use our value for typical cluster
radius as a proxy. We count the number of redshift bins in which intersections
occur to determine how many filaments pass between us and our source. A table
summarizing filaments encountered along each source is provided in Table 2.2.
Finally, it is necessary to correct for the effect of our Faraday foreground. The
Faraday rotation contributed by the Milky Way is nontrivial and varies primarily
as a function of galactic latitude. To correct for this effect, we obtained the
whole-sky maps of Milky Way Faraday rotation produced by Oppermann et al.
(2012). This map combines existing NVSS rotation measures with several other
catalogs in order to produce a robust map of the whole Faraday sky. Crucially,
the authors of this survey also produced a whole-sky map of their uncertanties.
We slice through this map at the location of each uncontaminated line of sight to
determine the Faraday depth due to the Milky Way. We subtract this value from
the raw rotation measure of each source.
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Table 2.2: Filament Intersection Summary
Source Name NearZ NearDist
(kpc)
# Filaments
c124935+49 0.3 147.6 13
c100556+43 0.56 305.8 6
c104244+12 0.31 1250.3 5
c095943+41 0.515 658.2 12
c142349+20 0.395 480.4 6
c095317+28 0.13 394.0 7
c135817+57 0.055 22.1 5
c125139+54 0.11 384.9 6
c104136+29 0.54 840.8 5
c130451+24 0.475 537.1 7
c121908+14 0.08 752.9 7
c101648+22 0.055 241.9 13
c122716+38 0.055 376.4 6
c142843+29 0.05 1429.9 2
c132024-03 0.12 1325.8 2
c114200+37 0.095 357.4 8
c144527+39 0.24 434.1 5
c222852-07 N/A N/A 0
c152819+25 0.48 315.6 5
c095048+32 0.355 1410.3 4
c113934+27 0.075 342.6 12
c143015+38 0.5 1039.4 6
c110147+52 0.175 273.5 9
c152718+31 0.105 301.8 9
NearZ is the redshift at which this line-of-sight passes closest to a filament. NearDist is the
distance of that approach in kpc.
2.4 Polarization Leakage Checks
Table 2.3: Calibrators and % Polarizations of Suspicious Scheduling
Blocks
Scheduling
Block
Polarization
Calibrator
Calibrator
Frac. Pol
Leakage Cal-
ibrator
Calibrator
Frac. Pol
SB30831424 3C286 0.095 J1407+2827 0.0002
SB30822906 3C286 0.094 J1407+2827 0.00004
A significant fraction of the sources (54%) we measured were non-detections in
rotation measure. Although these sources were detected in polarized intensity,
their peak intensity in faraday depth space was at zero rad
m2
, within error, which
may be a result of polarization leakage. If this were the case, the measurements
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Figure 2.1: AGN locations & the Chen 2016 Cosmic Web Catalog
Red dots correspond to the location of our target AGN, and the black lines correspond to the
location of cosmic web filaments collapsed along the redshift axis. Nearly all of our AGN are
associated with one or more filaments in this survey.
we made would not reflect the physical behavior of the systems we are attempting
to measure. We were particularly concerned about this issue because a majority of
the sources with an RM of 0 rad
m2
, were measured as a part of only two scheduling
blocks. We were concerned that some systemic error specific to these scheduling
blocks may have produced these results. In order to check for polarization leakage,
we produced calibrated images of the leakage and polarization calibrators for both
sources, checking to see if our results matched cataloged information. From this
information we infer that polarization leakage did not significantly affect our re-
sults, which means that our measurements of 0 rad
m2
correspond to physical reality.
A table of the flux and polarization calibrators we checked in this manner has been
provided in Table 2.3.
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CHAPTER 3: Results
3.1 Table of Results
A table summarizing our results is provided below. Because many of the parame-
ters measured vary across the surface of each source, we have extracted the values
in this table from the pixels corresponding to the highest polarized intensity. We
were able to produce reliable measurements of 24 out of our original 33 clean lines
of sight. The automated pipeline we used for our initial calibrations did not al-
ways result in properly calibrated data, so we abandoned any measurement set
that we were unable to clean and/or that exhibited unusual artifacts in the final
set of science images. We were also able to leverage the fact that a subset of our
measurement sets had already been measured in our archives; these sources are
those in Table 3.1 with existingRM in the Scheduling Block field.
20
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Table 3.1: Summary of Results
Source
Name1
Scheduling
Block2
Resolved3 Num. Fil.4 RM ( radm2 )
5 Frac. Pol6 Spectral
Index7
c095943+41 sb29154111 UR 12 -81.38±1.19 0.092 -0.690
c142349+20 sb30831424 RE 6 0±4.65 0.01 -0.237
c104244+12 sb30822906 RE 5 0±0.02 0.17 -0.671
c100556+43 sb29154111 UR 6 161.79±11.1 0.006 0.001
c124935+49 existingRM RE 13 -9.7± 0.049 0.365
c130451+24 sb28973119 UR 7 0±6.03 0.012 0.129
c121908+14 sb28932873 UR 7 0±10.2 0.018 -0.423
c104136+29 sb30770349 RE 5 0±0.66 0.029 0.036
c125139+54 existingRM UR 6 35.9±5.00 0.031 0.133
c095317+28 existingRM UR 7 26.6±0.71 0.07 -0.653
c135817+57 sb30822906 RE 5 0±0.17 0.11 -0.856
c114200+37 existingRM UR 8 182.2±6.22 0.012 -0.732
c144527+39 sb30823785 RE 5 0±4.16 0.12 0.633
c142843+29 sb30831424 RE 2 0±0.44 0.07 -0.974
c132024-03 sb28931167 UR 2 0±3.79 0.027 -0.241
c122716+38 sb30817747 UR 6 -41.52±5.57 0.022 -0.619
c101648+22 existingRM UR 13 -10.6±2.47 0.027 -0.224
c143015+38 sb30823785 UR 6 -157.44±22.1 0.006 -0.144
c110147+52 existingRM RE 9 -57.2±2.34 0.029 -1.224
c152718+31 sb30831424 RE 9 0±0.26 0.006 -0.254
c095048+32 sb29156075 UR 4 0±1.72 0.027 -0.394
c113934+27 sb28928569 RE 12 0±0.43 0.2 -0.129
c152819+25 sb30831424 UR 5 481.29±1.99 0.021 -0.230
c222852-07 sb30833442 UR 0 0±0.94 0.014 0.628
1Name of source
2VLA scheduling block; existingRM if the data were reduced in a previous study
3’UR’ if the source is unresolved, RE if the source is resolved
4Number of cataloged Cosmic Web filaments along the line of sight to the source
5Location of maximum intensity in faraday depth space in a slice through the pixel of highest
polarized intensity
6Polarization of the source at pixel of highest polarized intensity
7Spectral index of the source at pixel of highest polarized intensity
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Error in RM is not a product of our Faraday Synthesis code; rather, it is a derived
quantity. We estimate our RM error by the formula
εRM =
FWHMRMSF
2 ∗ σRM
(3.1)
where FWHMRMSF is the full with at half maximum of our (ideally Gaussian)
rotation measure spread function, and σRM is our RM noise term.
3.2 Images
We produced a variety of images of our sources as a part of this analysis. For each
source, we provide a variety of maps, as demonstrated below. For each type of
map made, I have included an example representative of a typical resolved source
Figure 3.1 and a typical unresolved source Figure 3.2.
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure 3.1: Image Products for C113934, a typical resolved source
Subfigure (A) displays contours of our Stokes I image produced overlaid on the
relevant SDSS frame. For this resolved source, we are receiving flux in the radio
that is not apparent in the visual image. This is likely due to the presence of a radio
lobe or outflow from the central AGN. Subfigure (B) shows a map of maximum
polarized intensity. Essentially, this is the flux associated with polarized emission
in each region of the source. Subfigure (C) shows a map of peak rotation measure.
The nonzero edge pixels are likely spurious artifacts of our somewhat generous
masking code. Finally, subfigure (D) is a map of spectral index across the source.
The region of the source associated with SDSS flux has a different spectral index
than other regions of the source. This implies that the emission in this region
is driven by different physics than the emission in other regions. Subfigure A
Contour Levels: 0.033, 0.192, 0.350, 0.509, 0.668, 0.826, 0.985, 1.144, 1.302, 1.461
Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure 3.2: Image Products for C132024, a typical unresolved source
Each of these subfigures is analogous to the subfigures in Figure 3.1. Subfigure A
Contour Levels: 0.015, 0.290, 0.566, 0.842, 1.118, 1.394, 1.670, 1.946, 2.222, 2.498
Jy
We provide example images for a typical resolved source and a typical unresolved
source in this section; a complete set of our final images may be found in Appendix
A. Our Stokes I contour images show the relationship between the parts of each
source that emit in the radio compared to the parts of each source that emit in
visible wavelengths. Resolved source components that show up in our radio images
but do not correspond to flux in the SDSS frames are likely jets or radio lobes
that do not emit visible light. The physics driving emission varies as we travel
from region to region within an AGN. Some regions are dominated by thermal
emission; others by synchrotron emission. Synchrotron emission is a product of
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the Larmor formula Equation 3.2. This equation describes how an accelerating
charged particle emits electromagnetic radiation.
P =
2q2v̇2
3c3
(3.2)
Here, P is the total emitted power, q is the fundamental charge, and v̇ is the
rate at which our charge is accelerating. In most regions of our AGN, synchrotron
emission is the dominant process. This is by and large a nonthermal process driven
by the braking of relativistic electrons by the strong magnetic fields associated with
the AGN.
It may also produce emission through thermal processes. This is only likely to
occur in the central regions of our AGN, where the high energy density of the
accretion disk around our central supermassive black hole results in high temper-
atures and copious emission. These different mechanisms will produce different
spectral indices, allowing us to understand what regions are dominated by what
processes.
The spectral index of a source is a measure of the dependence of the radiative flux
density on wavelength. At some frequency, the spectral index may be calculated
as
α(ν) =
∂ lnSν(ν)
∂ ln ν
(3.3)
where α(ν) is the spectral index at that frequency, Sν is the radiative flux density,
and ν is the frequency. We perform this calculation independently in each pixel by
performing a linear fit to lnSν versus ln ν, which produces our spectral index maps.
We have also provided maps of peak RM. These are produced automatically by the
CIRADA-TOOLS code, and show the location of peak intensity in Faraday depth
space in each pixel. In some cases, we find that the observed rotation measure
varies across the surface of a resolved source as the intrinsic Faraday rotation due
to local magnetic fields and/or electron density changes. Because we calculate the
spectral index on a pixel-by-pixel basis, nonphysical image artifacts show up in
our spectral index maps of unresolved sources. This steady variation of spectral
index across an unresolved source can be ignored.
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CHAPTER 4: Discussion
The main goal of this work is to understand how the number of Cosmic Web fil-
aments along a given line of sight affects the Faraday rotation measure we can
observe. Because we do not a priori know the intrinsic Faraday rotation of our
AGN nor the true free electron density, field orientation, or path length through
Faraday screens, it is not realistic for us to measure field strengths directly. How-
ever, our analysis can still provide insight into the behavior of the magnetic fields
within Cosmic Web filament, particularly with regards to how these properties
may change as a function of redshift. We have produced a number of plots to
explore these properties.
26
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4.1 RM vs. # of Filaments
We start with the simplest possible interpretation tool: can we observe a change in
the bulk RM behavior as the number of filaments along the line-of-sight increases?
As it turns out, it does not appear that there is a strong correlation between the
rotation measure of a source and the number of Cosmic Web filaments that pass
between it and the observer Figure 4.1. Although there seems to be an increase in
the dispersion of rotation measure for sources with approximately 4 to 8 filaments
along the line of sight, it is likely that this is simply a sampling artifact.
In order to understand this result better, we have generated a simple analytical
model of what this plot might look like with a more complete sample of AGN.
For each number of intersecting filaments in our data, we generated 1000 artificial
RMs. Each artificial RM was generated via
φ(r) = 0.81
∫ here
there
neBdr (4.1)
where ne is the electron density, B is the magnetic field strength, and dr is an
infinitesimal path length. For an artificial line-of-sight that passes through n fila-
ments, we randomly select a physically realistic electron density, field orientation,
field strength, and path length. A table of these parameters is provided in Ta-
ble 4.1. We also consider a random intrinsic source RM within physically realistic
limits. For each model point in Figure 4.1, we sum an appropriate number of these
RMs to reproduce the expected distribution for a line of sight passing through n
filaments. Nearly alll of the points in our data are well within the expected lim-
its, but sample the space quite poorly. As such, we cannot say we detect any
significant signal, nor can we say that our data is behaving in an unexpected way.
4.2 Depolarization vs. # of Filaments
We also found no evidence of Cosmic Web filaments contributing to depolarization
along the line of sight Figure 4.2. Likely the most dominant source of potential
depolarization is differential Faraday rotation. This effect is likely to occur in our
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Parameter Value
minElectronDensity 4.5e-4 cm−3
maxElectronDensity 4.9e-4 cm−3
bMin 0.01 µG
bMax 0.1 µG
minPathLength 1.0e6 pc
maxPathLength 2.7e6 pc
minIntrinsicRM -30 rad/m2
maxIntrinsicRM 30 rad/m2
Table 4.1: Table of RM model parameters
Figure 4.1: RM vs. Number of Intervening Filaments
In this plot, our data are displayed as black crosses above the modeled RM distribution in blue.
The dotted lines correspond to 1 standard deviation about the mean RM of modeled points. It
does not appear that there is a significant relationship between foreground-corrected rotation
measure and the number of filaments along the line of sight. The increased dispersion in the
range of 4 to 6 filaments is likely due to the nature of our sample rather than any physical
effect - most of our lines of sight had filament counts within this range.
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source AGN rather than in our filaments. When emission originates in a uniformly
magnetized medium, the polarization angle of the radiation produced at different
depths within the medium is Faraday rotated by different amounts. This results
in a decrease in the total degree of polarization observed across the entire source.
We can examine this effect in a little more depth by considering the case of a
single uniform slab with magnetic field B = B̄. In this case, the total complex
polarization of the slab is given by
P = pi
sinRλ2
Rλ2
exp 2i(ψ0 +
1
2
Rλ2) (4.2)
where R = KnB̄zL is the intrinsic Faraday rotation measure, equivalent to the
Faraday depth of the source. ψ0 is the intrinsic polarization angle, n is the volume
density of thermal electrons, L is the thickness of the slab, and pi is the intrinsic
degree of polarization (Sokoloff et al. 1998). Note also that K = 0.81 rad m−2 cm3
µG−1 pc−1. But what sort of observational consequences does this effect have? If
1
2
π < Rλ2 < π, polarized signals from the near and far sides of the slab have
been rotated by amounts that differ by more than π/2 radians. In this case, these
polarized signals partially cancel one another out and the majority of observed
polarized emission comes from the center of the slab. In the case of Rλ2 > π,
polarized signals from the far side of the slab cancel completely and only polarized
emission from the near side of the slab is observed. So, the observed depolarization
is strongly coupled to the physical behavior of each source.
Depolarization may also occur when many fields with a coherence length less
than the observers projected beamsize and with random orientations occur within
a single beam. We might also expect coherent fields on smaller scales to arise
due to random or turbulent effects. Photons with different paths travel through
these different fields along their way to the telescope, and the different amounts of
rotation they experience decreases the total observed polarization fraction. Such
an effect may be quantified for some Faraday screen by
Π(λ) = Π0
[
fc exp
(
−2λ4
[
σ2interv + σ
2
norm
])
+ (1− fc) exp
(
−2σ2normλ4
)]
, (4.3)
where Π is the fractional polarization at some wavelength, λ is the observing
wavelength, Π0 is the fractional polarization at infinite frequency, σnorm is the RM
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dispersion without the intervening Faraday screen, σinterv is the RM dispersion
caused by the screen, and fc is the covering fraction of the Faraday screen (Farnes
et al. 2014). Since the magnetic field orientation within each filament should be es-
sentially random, this effect could be visible in the form of decreasing polarization
fraction as a function of intervening filament count. Note that the simple model
we constructed for Figure 4.1 did not account for this effect. It assumed that
within each filament, there was a single coherent field covering the entire beam.
We see no evidence of depolarization in our data, so Cosmic Web filaments are
unlikely to be strong contributors to depolarization. We expect the polarization
behavior we observe to be primarily influenced by the behavior of our sources.
Figure 4.2: % Polarization vs. Number of Intervening Filaments
There is no significant relationship between polarization fraction and the number of filaments
along the line of sight. As such, we do not believe that filaments are a major contributor to
depolarization.
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4.3 RM vs. Physical Distance of the Nearest
Intersecting Filament
As the distance from each line of sight to its nearest filament decreases, the dis-
persion in RM increases Figure 4.3! This suggests that we may be picking up a
signal in RM either from the filaments themselves, though this is not necessarily
the case. A similar signal may be seen in (Carilli & Taylor 2002), Figure 6. This
figure shows that the integrated RM plotted against source impact parameter from
the center of an Abell cluster drops to zero outside of about 1000kpc. Because
this signal in RM can be attributed to magnetic fields in the intercluster medium,
it is sensible to attribute the signal in Figure 4.3 to the interfilament medium.
An alternative suggestion1 is that our observations are being contaminated by low
surface brightness galaxies (LSBGs) that are too dim to show up in the SDSS
catalogs. Low surface brightness galaxies are very diffuse galaxies that emit much
less light per unit area than most other galaxies. Because they are often only
slightly brighter than the sky background, they are very difficult to detect. The
SDSS is unable to resolve structure with a surface brightness below about 23
mag arcsec−2, so the method we used to reject intervening galaxies would not
reject sightlines containing low surface brightness objects. These structures are
astonishingly common - for structures with M∗ > 10
8 M, simulations predict
that LSBGs make up 47% of the local number density (Martin et al. 2019). This
number is even higher for less massive galaxies; for structures with M∗ > 10
7 M,
LSBGs are expected to make up ∼ 85% of the local number density! Since the
large-scale galaxy distribution is expected to trace the Cosmic Web, it may very
well be that our sightlines are passing through galaxies that we simply cannot
detect.
1Many thanks to Prof. Todd Tripp at UMass Amherst for this idea!
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Figure 4.3: RM vs. Distance of Nearest Intersecting Filament
We see a significantly higher level of dispersion in RM as the distance to a LOSs nearest
filament decreases.
4.4 RM vs. Redshift
There appears to be an increase in the dispersion of rotation measure as the
mean redshift of an intervening filament increases Figure 4.4. We expect there to
be a relationship between redshift and rotation measure. Rotation measure is a
wavelength-dependent effect, so the effective doppler shift provided by the Hubble
flow has a non-negligible impact on rotation measure. If we want to include this
effect in our equation for rotation measure, we get a function
RM(zs) = 0.81
0∫
zs
ne(z)B‖(z)
(1 + z)2
dl
dz
dz, (4.4)
where zs is the source cosmological redshift, and all other parameters are in units
identical to those used in previous equations (Bernet et al. 2012). We would expect
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Faraday screens at a higher redshift to contribute less to the observed rotation
measure than nearby screens, all else being held equal. So, this is an interesting
result - it is the opposite of what we might expect! Without additional observations
to improve our statistics, interpreting this result physically is a challenge.
Figure 4.4: RM vs. Mean Redshift of Intervening Filaments
As the mean redshift of intersecting filaments increases, so too does the dispersion of our
observed rotation measures.
We may also examine the relationship between RM and the redshift of closest
filament approach Figure 4.5. This is a challenging figure to interpret, just like
Figure 4.4. There does not seem to be any strong effect associated with the redshift
of closest filament approach. This suggests that, if the RM signals we observe are
indeed associated with Cosmic Web filaments, there is not significant evolution of
filament properties as a function of redshift.
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Figure 4.5: RM vs. Redshift of Nearest Intersecting Filament
It is difficult to identify a strong signal here.
Finally, we find that the dispersion in RM increases as the intrinsic redshift of
our source AGN increase Figure 4.6. This is a little bit less confounding than our
other redshift-related figures - the sightline to an AGN at higher redshift may have
much more intervening structure than the sightline to an AGN at low redshift.
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Figure 4.6: RM vs. AGN Intrinsic Redshift
As the intrinsic redshift of our source AGN increase, so too does the dispersion in RM.
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CHAPTER 5: Conclusion
We present a project intended to take the first steps towards measuring magnetic
field strength in Cosmic Web filaments. Our work has focused on two separate
portions of the analysis: RM synthesis and measurement of S-band VLA AGN
observations, as well as an analysis of our foregrounds via existing catalogs. We
have a comprehensive understanding of our foregrounds, which allows us to reject
sources that may have been contaminated by nearby galaxies or clusters. We per-
formed rotation measure synthesis on 24 sources host to clean sightlines, allowing
us to suggest that the rotation measure we observe is a product of the properties of
the source, any intervening cosmic web filaments, and the milky way foreground.
We did not find a strong trend linking RM with the number of filaments a line-
of-sight passes though, nor were we able to link depolarization with the number
of filaments along each line of sight. We also did not find a trend linking RM and
the redshift of closest filament approach. However, we did find that the dispersion
of rotation measure increases as the mean redshift of the filaments passed through
increases. This is an unexpected result that goes against our understanding of
how RM should be related to redshift. Future work with higher number statistics
is likely required to understand this result. We also find that the dispersion of
rotation measure increases as the physical distance between a line of sight and
the filament it passes closest to decreases. This suggests that we are detecting
either the magnetic fields within these filaments or the magnetic fields within low-
surface-brightness galaxies associated with these filaments. Either way, we have
detected a signal in rotation measure associated with the presence of Cosmic Web
filaments.
There are a number of limitations associated with our study. First, we are limited
by our small sample. With only 24 measurements, we are unable to properly sam-
ple the Faraday sky. We are also limited by the properties of these measurements
themselves. Optimally, a study like ours would obtain data across the S,L, and P
bands with as many short baselines as possible for a huge number of AGN across
the entire sky. Since our data were initially obtained for a different study, they
36
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are not well-suited for measurements of the small RMs we expect from the Cos-
mic Web. Finally, we are limited by existing catalogs of Cosmic Web filaments.
Although the Chen survey is likely complete over its range, it only covers a small
portion of the sky and only goes out to a redshift of z=0.7. Since the vast majority
of our source AGN are at redshifts higher than z=0.7, it is extremely likely that
there are intervening Cosmic Web filaments that we are unable to detect in our
foreground study. As such, although we can reliably claim that we are seeing a
change in RM behavior associated with the presence of filaments, we are unable
to draw stronger conclusions.
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APPENDIX A: Images of All Sources
This section contains the image products for all sources we studied, excluding
those in the existingRM set that were measured in a previous work.
(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.1: Image Products for c095048
Subfigure A Contour Levels: 0.011, 0.313, 0.614, 0.915, 1.217, 1.518, 1.819, 2.121,
2.422, 2.723 Jy
38
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.2: Image Products for c095943
Subfigure A Contour Levels: 0.041, 0.264, 0.486, 0.708, 0.930, 1.152, 1.374, 1.596,
1.818, 2.040 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.3: Image Products for c100556
Subfigure A Contour Levels: 0.354, 1.019, 1.683, 2.348, 3.012, 3.677, 4.341, 5.005,
5.670, 6.334 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.4: Image Products for c104136
Subfigure A Contour Levels: 0.026, 0.848, 1.672, 2.495, 3.318, 4.141, 4.965, 5.788,
6.611, 7.434 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.5: Image Products for c104244
Subfigure A Contour Levels: 5.135e-02, 7.703e+00, 1.535e+01, 2.300e+01,
3.065e+01, 3.831e+01, 4.596e+01, 5.361e+01, 6.126e+01, 6.891e+01 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.6: Image Products for c113934
Subfigure A Contour Levels: 0.033, 0.192, 0.350, 0.509, 0.668, 0.826, 0.985, 1.144,
1.303, 1.461 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.7: Image Products for c121908
Subfigure A Contour Levels: 0.005, 0.095, 0.186, 0.276, 0.366, 0.456, 0.546, 0.637,
0.727, 0.817 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.8: Image Products for c122716
Subfigure A Contour Levels: 0.004, 0.071, 0.138, 0.206, 0.273, 0.340, 0.407, 0.475,
0.542, 0.609 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.9: Image Products for c130451
Subfigure A Contour Levels: 0.007, 0.202, 0.397, 0.592, 0.787, 0.982, 1.177, 1.372,
1.567, 1.762 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.10: Image Products for c132024
Subfigure A Contour Levels: 0.015, 0.291, 0.566, 0.842, 1.118, 1.394, 1.670, 1.946,
2.222, 2.498 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.11: Image Products for c135817
Subfigure A Contour Levels: 0.037, 0.592, 1.147, 1.702, 2.257, 2.812, 3.368, 3.923,
4.478, 5.033 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.12: Image Products for c142349
Subfigure A Contour Levels: 0.015, 0.626, 1.237, 1.848, 2.460, 3.071, 3.682, 4.293,
4.904, 5.516 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.13: Image Products for c142843
Subfigure A Contour Levels: 0.016, 1.129, 2.241, 3.353, 4.466, 5.579, 6.691, 7.804,
8.916, 10.029 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.14: Image Products for c144527
Subfigure A Contour Levels: 0.009, 0.208, 0.407, 0.606, 0.805, 1.005, 1.204, 1.403,
1.602, 1.802 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.15: Image Products for c152718
Subfigure A Contour Levels: 0.136, 5.351, 10.566, 15.781, 20.996, 26.211, 31.426,
36.641, 41.856, 47.071 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.16: Image Products for c152819
Subfigure A Contour Levels: 0.007, 0.351, 0.696, 1.040, 1.384, 1.729, 2.072, 2.417,
2.762, 3.106 Jy
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(a) Stokes I Contours (b) Maximum Polarized Intensity
(c) Peak RM (d) Spectral Index
Figure A.17: Image Products for c222852
Subfigure A Contour Levels: 0.007, 0.351, 0.696, 1.040, 1.384, 1.729, 2.072, 2.417,
2.762, 3.106 Jy
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